Highly linear and efficient phase modulators based on three-step quantum wells are reported. The spatial separation of electron and hole wave functions in the three-step quantum well leads to enhancement of the linear electro-optic component. In parallel, the quadratic electro-optic component is suppressed using a method based on tailored doping profile. Measured modulation efficiency is 48°/mm V, and the ratio of linear to quadratic components of the phase modulation is 640 at = 1560 nm. The efficiency is similar to the best reported values for semiconductor modulators at this wavelength, while the linearity is more than one order of magnitude higher. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.1854219͔
Highly linear optical phase modulators are attractive for many applications including photonic analog to digital converters, laser gyroscopes, multiwavelength laser sources, beam steering, and photonic arbitrary wave form generators. [1] [2] [3] [4] Although commonly used phase modulators based on lithium niobate have an inherent high linearity, they are not suitable for integration and have a low efficiency. In contrast, semiconductor based phase modulators are efficient and can provide a high degree of integration, but are inherently nonlinear. The main source of nonlinearity in the semiconductor phase modulators is the quadratic electro-optic ͑QEO͒ effect. Although modulators based on bulk semiconductors have smaller QEO compared with modulators based on quantum well active layers, they have significantly lower modulation efficiency. Here, we present linearized phase modulators based on GaInAsP/InP quantum wells. Measured modulator linearity is more than one order of magnitude higher than bulk GaAs and GaInAsP, while modulation efficiency is more than three times better than the bulk semiconductors. The efficiency is comparable to the best conventional quantum well modulators and more than one order of magnitude better than lithium niobate based modulators.
The active layer of our modulators is based on GaInAsP stepped quantum wells. Our earlier experiments indicate that three-step quantum wells ͑3SQWs͒ have nearly three times larger electro-optic effect compared to conventional rectangular quantum wells ͑RQWs͒. 5 A marked difference between stepped and rectangular quantum wells is the asymmetry of the stepped quantum wells that leads to spatial separation of electron and hole wave functions, resulting in an induced internal electric field. 6 Similar to the earlier report on strained AlGaN/GaN quantum wells, 7 we show that the internal electric field for a properly designed 3SQW can enhance the linear electro-optic ͑LEO͒ effect. In parallel, we reduce the quadratic electro-optic component using a method based on the adjustment of the doping profile. The combined effect of higher LEO and suppression of QEO leads to nearly 64 times improvement in linearity.
The absorption spectrum of the stepped quantum wells is modeled using an effective mass approach, and the excitonic effect is modeled with a variational method. The change of index is then calculated from the Kramers-Kronig relationship. Thickness and composition of the quantum well layers are optimized for high linearity, while keeping the absorption coefficient below ϳ1 cm −1 . The electric field inside the active region is calculated using diffusion-drift and Poisson equations.
Modulator structures are grown by low-pressure metalorganic vapor phase epitaxy on n-type InP substrates. tion are chosen such that the energy gap of the RQW is very similar to the energy gap of the optimized 3SQW for the applied external field. The left axis of Fig. 2 compares the calculated difference between average position of the electron in its lowest state ͗x e1 ͘ = ͐ e1 ͑x͒x e1 * ͑x͒dx and the average position of the heavy-hole in its lowest state ͗x hh1 ͘ = ͐ hh1 ͑x͒x hh1 * ͑x͒dx for the 3SQW and the RQW. The asymmetry of the 3SQW leads to a spatial separation of electrons and heavy-holes by more than 7 Å at zero external electric field. The displacement of the electron and heavy-hole wave functions vanishes at an external electric field of nearly 45 kV/cm. The maximum overlap between e1 and hh1 also reaches its maximum at a similar field for the 3SQW ͑right axis of Fig. 2͒ . One can consider this value as an approximation for the internal electric field that is induced by the electron-hole displacement. 8 The change of index versus applied electric field can be modeled as ⌬n͑F͒ =−͑1 /2͒n 0 3 ͑r 63 F + s 13 F 2 ͒, where n 0 is the zero-field index and r 63 and s 13 are the linear and quadratic electro-optic coefficient. 9 In the presence of a zero-bias electric field of F 0 , the change of index for a given external field F ex is
Therefore, the linear electro-optic coefficient is enhanced to r 63 * = r 63 +2s 13 F 0 . The zero-bias electric field for a conventional modulator, with a p-i-n structure and RQW active layer, is the built-in field in the undoped region. However, for a modulator with 3SQW active region, the zero-bias field is equal to the built-in field plus the electron-hole displacement field. Assuming an undoped region of 0.4 µm thick and n-and p-doping levels of near 10 18 cm −3 in a p-i-n device, the built-in electric field is about Ϫ20 kV/cm. Similar to the values reported earlier, 9 we measure r 63 = 5.1ϫ 10 −10 cm/ V and s 13 = −3.3ϫ 10 −14 cm 2 /V 2 at ϳ 1550 nm for TE polarization. The calculated linear electro-optic coefficient is then r 63 * = 1.83ϫ 10 −9 cm/ V for the RQW, and assuming that the r 63 and s 13 coefficients are the same for the 3SQW, r 63 * = 4.8 ϫ 10 −9 cm/ V for the 3SQW. This shows about 2.6 times higher linear electro-optic coefficient for the 3SQW compared with the RQW, which is close to the measured enhancement value of 2.8 reported earlier. 5 Although enhancement of the linear electro-optic effect in the 3SQW is significant, the quadratic component is nearly unchanged, and hence a perfect linearization is not possible. We used the nonlinear relation between the electric field and the applied voltage to a p-i-n structure in order to compensate for the nonlinear relation between the change of index and the electric field. Using the depletion approximation, the external electric field F ex inside the undoped region of a symmetric p-i-n structure is related to the external bias voltage as
where w 0 is the thickness of the undoped region, N is the doping level in the n-and p-doped layers, and s is the permittivity of the semiconductor. A phase modulator is perfectly linear if the change of index ⌬n is proportional to the applied voltage V bias . Using Eqs. ͑1͒ and ͑2͒, the condition for the linearity can be calculated as r 63
We use a 0.4-µm-thick undoped region, since it provides a single-vertical mode operation, as well as low capacitance per unit area required by high-speed traveling-wave modulators. The optimum doping level based on the depletion approximation can be calculated from Eq. ͑3͒ as N ϳ 2.6 ϫ 10 16 cm −3 . Detailed numerical simulation shows an optimum doping level of N = 2.91ϫ 10 16 cm −3 . Both 3SQW and RQW material are processed into single-mode ridge waveguides for optical and electrical measurements.
Optical absorption coefficient and change of index of the modulators are measured using Fabry-Perot oscillation shifts.
10 Figure 3 shows the measured change of index versus the applied reverse bias at different wavelengths for a linearized phase modulator. In order to compare the quadratic and linear electro-optic effects, we fit a second-order polynomial ⌬n = A 1 V + A 2 V 2 to the measured data points, and use the linear-to-quadratic coefficient ratio A 1 / A 2 as a measure of linearity. Figure 4 10. The modulation efficiency is about 48°/mm V with an optical absorption coefficient below ϳ1 cm −1 . Since the overall phase modulation consists of linear and quadratic components, suppression of the quadratic component inevitably reduces the phase efficiency. However, enhancement of the linear component in the 3SQW modulator compensates for this effect, and modulation efficiency is comparable to the efficiency of the best conventional quantum wells, and more than three times better than the efficiency of bulk semiconductors. [11] [12] [13] Also, modulator efficiency is more than one order of magnitude higher than the efficiency of modulators based on lithium niobate.
14 The linear-to-quadratic coefficient ratio is about 640, which is about 64 times better than the conventional quantum wells, and more than one order of magnitude better than bulk semiconductors. 11, 12 In conclusion, we have demonstrated linearized phase modulators based on 3SQW active layers and a modified doping profile. The enhancement of linear component of the phase modulation is believed to be the result of an internal electric field in 3SQWs, and the suppression of the quadratic component is due to the modified doping profile. The linearized devices show higher efficiency and linearity than the existing devices based on semiconductor bulk and quantum well active layers. 1 C. Laskoskie, H. Hung, T. El-wailly, and C. Chang, J. Lightwave Technol. 7, 600 ͑1989͒. 
